The recent discovery of numerous catalytically active RNAs in various living species as well as the in vitro selection of a large series of RNA aptamers able to bind specifically various molecules such as metabolites and co-factors, emphasize the adaptability of RNAs through the plasticity of their secondary structure . Furthermore, all these observations give support to the « RNA world » hypothesis as a step in the primitive development of life on Earth. On this background, we used high pressure to study the mechanism of action of a model hairpin ribozyme which exhibits self-cleavage and ligation. The activation volume (ΔV ≠ ) of the cleavage reaction (34 ±4 ml/mole) indicates that an important compaction of the RNA molecule occurs during the reaction and must be accompanied by a significant movement of water molecules . Indeed, such a release of 78 ± 4 water molecules per RNA molecule could be measured by complementary osmotic shock experiments. These results are consistent with the information provided by the structural studies which indicate that two loops of the RNA molecule should come into contact for the reaction to occur .The high pressure study of a modified form of the ribozyme whose activity is strictly dependent on the presence of adenine as a co-factor should bring some information about the structural significance of this important ∆V ≠ of activation.
Introduction
Several lines of evidence lead to the hypothesis that in the early steps of the development of life on Earth, RNA preceded the DNA-protein world (1) .This hypothesis already suggested by Woese, Crick and Orgel in the sixties (2) (3) (4) proposes that modern life arose from molecular ancestors in which RNA molecules both stored genetic information and catalyzed biochemical reactions (5) (6) (7) . In this context it is interesting to note that the deoxyribonucleotides, precursors of DNA, are synthesized from ribonucleotides and that thymine, a specific constituent of DNA, results from the methylation of uracile, an RNA specific base. The DNA replication starts with the synthesis of an RNA primer, suggesting that DNA replication could be a « modified » transcription process. Furthermore, we know that individual ribonucleotides are key signalling molecules and that coenzyme derivatives are essential in modern metabolism (8, 9) . Numerous RNAs able to bind specifically various metabolites and co-factors were selected in vitro , illustrating the remarkable plasticity and adaptability of RNA molecules and of their secondary structure, an important property which, most probably, played a role during the early development of life (10) (11) .
In the recent years a series of catalytically active RNA molecules were identified in various organisms (12) . That includes, the ribozyme catalysing the peptide bond formation in the ribosome (13, 14) , the self-cleaving RNAs family, groups I and II introns, the spliceosome and the Ribonuclease P (15) . Some of them might be relics of the ancient metabolism. Among the major natural ribozymes, the hairpin, hammerhead and hepatitis delta virus ribozymes constitute the family of small self-cleaving RNAs found in RNA viruses, satellite RNAs and viroïds (16) .
Recently, reports by Di Giulio gave support to the hypothesis that life emerged and developped in the deep-sea volcanic environments characterized by a rich chemical composition, heat and pressure (17, 18) . The comparison of the genomes of very close barophilic and nonbarophilic Archae allowed this author to demonstrate a significant relationship between the amino acids predominant in the proteins from barophiles and the number of codons attributed to these amino acids, suggesting that the genetic code organization took place under high pressure.
In the investigations reported here the hairpin ribozyme self-cleavage reaction was studied under high pressure, not only in view of the hypothesis that life emerged on Earth under pressure, but also on the basis that this physical parameter can provide specific information concerning large conformational changes in biomacromolecules.
The hairpin ribozyme.
The hairpin ribozyme was first observed in the negative strand of the tobacco ringspot virus satellite RNA ((-)s TRSV) (19, 20) and has been found since in two other pathogenic plant satellite viruses : the arabis mosaic virus and the chicory mottle virus satellites (sARMV and sCYMV).
The hairpin ribozyme used in the present study is a fully active shortened form of the tobacco ringspot virus in which the new extremities were modified for the purpose of amplification (PCR and expression). The preparation of this model ribozyme is described in (11) , and its structure is shown in figure 1 . It consists of four stem regions (A, B, C, D) connected through a four way junction, the scissile phosphate being in A loop. Mutagenesis and modification interference studies showed that the nucleotides essential for the activity reside in both stems A and B (21, 22) . It is possible to reconstitute a catalytically active ribozyme by synthesizing stems A and B separately and then mixing them (23 , 24) . The structures of the isolated stems A (25) and B (26) were determined by NMR. These studies showed that both of them present an irregular helical central portion with non-canonical base pairs, flanked on both sides by standard base-paired helices.
The hairpin ribozyme mechanism
As shown in figure 1 , the nucleotides G8, A9, A10, G11, G21, A22, A23, A24, C25, A38, A40, U41, U42, A43, C59, G61, and U62 are absolutely required for the reaction to occur (27) . With the exception of G11, all these essential nucléotides lie within nonhelical segments (28, 29) . Although the four first ones are located in loop A close to the site of cleavage, G21 to A43 are located in loop B. This observation already suggested that loops A and B must come close together during catalysis, an important conformational change. Indeed, the crystallographic structure of a ribozyme construct bound to an inhibitor (30) , showed such a docking, along with modifications in the secondary structure of the loops A and B, including base-pairing modifications in the non-canonical part. The ribozyme reaction was described as requiring the presence of Mg , polyamines and aminoglycoside antibiotics . It seems therefore that divalent cations stabilize the functional structure of the ribozyme through non-specific electrostatic interactions, but are not required for the catalytic chemistry itself (31) (32) (33) (34) .
High pressure study of the ribozyme reaction
The involvement of such an important conformational change during the reaction catalyzed by the hairpin ribozyme as well as the probability that life emerged and developped under pressure, prompted us to study the influence of hydrostatic pressure on this reaction. This method is particularly performant in the study of hydration changes occuring in both proteins and nucleic acids during large conformational changes or dissociation-association processes (35, 36) . In the case of the ribozyme studied here, the important conformational change resulting from the docking of loops A and B would be associated to a positive volume change resulting from the decrease of the surface of the molecule exposed to the solvent (35) . These experiments were performed using the previously described apparatus which allows injection, stirring and sampling without releasing the pressure (37) . The preparation of the ribozyme and the experimental conditions were also previously described (38) . It appeared that pressure has a drastic effect on the rate of the ribozyme reaction. Figure 2 shows the kinetics observed when varying the pressure from 0.1 to 200 MPa. Treatment of these progress curves as exponentials allowed to calculate the values of the rate constant. Figure 3a shows the variation of this rate constant as a function of pressure. It appears that the reaction involves an important positive activation volume (ΔV ≠ ) which was calculated to be 34 ± 5 ml/mol. from the slope of the curve This result indicates that during the formation of the transition state of the reaction the ribozyme condenses on itself reducing it surface exposed to the solvent. In a similar way, Figure 3b shows the variation of the equilibrium constant of the reaction as a function of pressure. From the slope of the curve a volume change (ΔV) of 17 ± 4.5 ml/mol can be calculated for the forward reaction. The significance of this result will be discussed further.
It has been verified that this influence of pressure on the rate constant is fully reversible and does not result from an irreversible alteration of the ribozyme structure. This is shown in figure 4 and confirmed by the values of the rate constant also reported in this figure. Thus, the influence of pressure on the rate constant corresponds to a fully reversible conformational transition.
Influence of osmotic pressure on the ribozyme reaction
The influence of pressure on the rate constant of the reaction catalyzed by the hairpin ribozyme indicates that this reaction involves a transient condensation of the RNA molecule with a decrease of the surface exposed to the solvent. Therefore, this step must be acompagnied by a release of water molecules. To test this conclusion the influence of osmotic pressure on the rate of the reaction was determined as proposed by Parsegian et al. (39) , and the result obtained is shown in figure 5 . Indeed, osmotic pressure has an important positive effect on the rate of the reaction and from the slope of the variation of the rate constant as a function of osmotic pressure a release of 78 ± 4 water molecules by RNA molecule can be calculated.
A hairpin ribozyme variant requiring adenine as a cofactor
By modification of the minimal hairpin ribozyme used in the above described experiments, a variant , called ADHRI, whose activity strictly depends on the presence of adenine as a co-factor was obtained (11) . This variant differs from the wild type form by four bases substitutions : U20, A36, G38 and C39 instead of A20, G36, A38 and U39. The apparent K d for adenine is 7.6 mM. The preliminary results obtained through the use of high pressure suggest that the ΔV ≠ of activation for the reaction catalyzed by this modified ribozyme is of the same order of magnitude than that of the wild type ribozyme.
Conclusions and perspectives
All the informations obtained through these high pressure experiments are assembled in figure 6 . The results obtained show that the reaction catalyzed by the hairpin ribozyme implies a positive apparent ΔV ≠ of activation of 34 ± 5 ml/mol which indicates that during the reaction the hairpin ribozyme must condense on itself (from conformation a to conformation b). This conclusion is in accordance with the fact that the bases directly involved in the reaction are localized in both loops A and B (21, 22) , implying that these two loops must come into contact during the reaction. It is also consistent with the crystallographic structure of the ribozyme bound to a competitive inhibitor of the reaction (30) . Such a domain closure or docking must be accompagnied by a decrease of the hydration of the RNA molecules and the release of water molecules. The osmotic pressure experiments reported above confirm this prediction and indicate that 78 ± 4 water molecules are expelled per RNA molecule during the reaction. It is interesting to remark that this value is in reasonable agreement with the fact that the surface of the ribozyme which is exposed to the solvent decreases by 1570 Å 2 upon docking (30) . The variation of the apparent equilibrium constant of the reaction as a function of pressure indicate that the forward reaction is accompagnied by a 17 ± 4.5 ml/mol positive ∆V (fron conformation a to conformation d). This unexpected observation suggests that at the end of the reaction the cleaved ribozyme molecule is significantly less hydrated than the uncleaved molecule. Such a conformation might correspond to the intermediary conformation between the open an docked states whose existence was recently reported (40) . Since the reaction is started by the addition of Mg ++ , the apparent ∆V ≠ of activation measured in the case of the wild type might reflect both the docking step and the formation of the transition state. The high pressure study of the adenine requiring mutant of the ribozyme might allow to differenciate these steps since, in this case, the reaction can be started either by adding magnesium to the ribozyme-adenine complex or by adding adenine to the ribozyme-magnesium complex. This investigation might also provide some information about the mechanism of activation by adenine, an interesting aspect since, most probably, such processes of ribozyme activation by cofactors operated in the « RNA world ».
Figure 1
Wild-type hairpin construct used in this study. The arrow indicates the cleavage site. The dots identify the bases strictly required for the catalytic activity. The 5' and 3' extensions added for hybridization with replication primers are marked with dashes. The experimental conditions were previously described (35) . The kinetics were fitted to the exponential equation: x = x eq (1-e -k.t ), where x eq is the fraction of cleaved RNA at equilibrium, x the fraction of cleaved RNA at time t and k the observed cleaving rate constant.
Figure 3
Determination of the volume changes associated to the ribozyme reaction. a: The values of the rate constant were extracted from the kinetics presented in figure 2 . The ΔV ≠ of activation was calculated from the slope of the curve ln k / pressure; b: In a similar way, the ΔV of the reaction was calculated from the slope of the curve ln K / pressure.
Figure 4
Reversibility of the pressure effect. The reaction was followed at 0.1 MPa (closed triangles), 120 MPa (closed circles) and 200 MPa (open squares). After three hours of reaction, the samples were brought back to atmospheric pressure and the reaction was followed for three more hours. The observed rate constants (k obs per minute) are indicated for each sample at atmospheric pressure.
Figure 5
Influence of the osmotic pressure on the rate of the ribozyme reaction. a: The reaction was followed in the absence and presence of various concentrations of polyethyleneglycol 400. From bottom to top: 0 (closed triangles), 2.5% (closed circles), 5% (open squares), 7.5% (crosses) and 10% (closed diamonds); b: The number of water molecules released during the reaction was calculated from the slope of the variation of kT ln (k Π / k 0 ) as a function of osmotic pressure; k is the boltzman constant, T the absolute temperature, k Π and k 0 the rate constants of the reaction under osmotic stress and under the controle conditions respectively.
Figure 6
Volume and hydration changes during the ribozyme cleavage reaction 
